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Human exposure togenotoxic compoundspresent inambientairhas beensdiedusingselected
biomarkers innonsmokingDanish bus drivers andpolworkers. Ali n varia-
dion in biomarker levels was observed. Significantly higher levels ofbulky carcinogen-DNA
adducts (75.42 adducts/108 nucleotides) and of2-amino-apidic semialdehyde (AAS) in plasma
proteins (56.7 pmollmg protein) were observed in bus drivers working in the central part of
Copenhagen, Denmark In contrast, significantly higher levels ofAAS in hemoglobin (55,8
pmollmg protn), malondialdeh in plasma (0.96 nol/m plasma) nd polycic aromatic
hydrocarbon (PAH)-albumin adduct (3.38 finol/pg lbumin) were observed in the suburban
group. Thebiomarker levels inpostalworkers were similar to the levels in suburban bus drivers.
In the combined group ofbus drivers and postal workers, negative corlations were observed
between bulky carcinogen-DNA adduct and PAH-albumin levels (p - 0.005), and between
DNA adduct and.y-glutamyl semialdhyde (GGS) in hemoglobin (p= 0.11). Highly significant
correlations were found betweenPAHalbumin and AAS in pasma (p =0.001) and
GGS in mbin (p = 001 gant co were also ob btween urinary 8.-
oxo-7,8-dhydro-2'-deo os dAAS inplasma; (p = 0.001) and P lbumi adduc
(p = 0.002). The influence ofthe glutatione Stransferase (GST) Ml deletion on thecorrelation
between the biomarkers was studied in the combined group. A sign negative correlation
was only observed between bulkcarcinogen-DNA adducts and PAH-albumin adducts (p 3
0.02) and between DNA adduct and uinay mutagi activity (p 0.02) *ie GSTM1 nuil
group, buth n heworkeeeso hte s1. Our results:
indicate that some ofthe selected biomarkers can be usled to ditinguish. between high and low
exposure to environmental genOtos. Key words adducts, airpollution, biomarkers, genotoxic
exposure, human, oxidative stress. Environ Health Perspect 107:233-238 (1999). [Online
9February 1999]
http:/Oehpnetl.niehs.nib.gov/docs/l9991/07p233-238astm.p/abstract.html
A number ofepidemiological studies have
indicated that people living in urban areas
have an increased risk oflung cancer com-
pared to people living outside metropolitan
areas, but the extent to which urban air pol-
lution contributes to the excess risk remains
unknown (1). In addition, a synergistic
effect ofsmoking and ambient air pollution
has been observed in people living in urban
areas. An increased risk of cancer has also
been reported in occupations with heavy
exposure to traffic-generated air pollution
(2). A recent Danish cohort studysuggested
that smoking habits explained about 60%
ofthe excess lung cancer risk for men in the
Copenhagen area (3).
Ambient air contains a complex mixture
of chemical compounds either in the
gaseous form or bound to particulate mat-
ters. Some ofthese compounds are carcino-
genic in experimental animals. Ambient air
pollution in urban areas originates mostly
from automobile exhaust, but there is also
some contribution from residential heating
and industrial emissions. Incomplete com-
bustion offossil fuels is a major problem in
terms of air pollution. Heavy diesel
engines, buses, and trucks contribute
approximately 5040% ofthe traffic emis-
sion in urban areas, and exhaust from
diesel-powered engines has been classified
as a Group 2A carcinogen by the
International Agency for Research on
Cancer (IARC), whereas gasoline-engine
exhaust has been classified as a Group 2B
carcinogen (4). A source apportionment
study suggested that compounds present in
automotive exhaust account for 55% of
the estimated cancer cases due to ambient
air pollution, and that most ofthe carcino-
genic material was bound to particulate
matters (5). The level and type of carcino-
genic compounds depends on the engine,
fuel type, and driving conditions (6).
Different biomarkers have been used to
assess exposure to genotoxic compounds in
the general and occupational environment,
ranging from the presence of mutagenic
activity in urine to induction of chromoso-
mal damage in peripheral lymphocytes.
Polycyclic aromatic hydrocarbons (PAHs)
are a major group of carcinogenic com-
pounds in ambient urban air, and most
recent biomarker studies have focused on
assessing PAH exposure. Urinary PAH
metabolites, particularly 1-hydroxypyrene
(1-HOP), have been detected in a high per-
centage of human urine samples, especially
from smokers and people occupationally
exposed to PAHs (7). Carcinogenic PAHs
will, following metabolic activation, form
adducts with cellular macromolecules, and
these reaction products have been used
extensively to assess exposure. PAH exposure
in urban and rural environments has been
determined by PAH-albumin adducts using
a competitive immunoassay (8,9). Surpris-
ingly, the highest adduct level was observed
in people living in rural areas, and itwas pos-
tulated that combustion ofcereal straws and
wood for energy production was the major
PAH source. The 32P-postlabeling method
has been used extensively to detect bulky car-
cinogen-DNA adducts in peripheral lym-
phocytes from occupationally exposed people
and people living in areas with different lev-
els of ambient air pollution (9-11). An
increased level ofadducts has been observed
in nonsmoking bus drivers working in the
center of Copenhagen (12). A result of pri-
mary damage to DNA is gene mutation or
chromosomal mutations, e.g., aberrations.
An increased level of chromosomal aberra-
tion has been reported in Danish bus drivers
comparedwithpostal workers (13).
Urban air pollution contains large
amounts of oxidants, including NOX and
compounds that induce the generation of
reactive oxygen species (ROS). During the
metabolism of oxygen, e.g., P450-mediated
and intracellular processes, several ROS are
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formed, e.g., free radicals. Excessive genera-
tion of ROS within tissues can damage
macromolecules such as DNA, lipid, and
protein. The oxidation ofmembrane lipids,
one of the primary events in the oxidative
cellular damage, can be assessed by measure-
ment ofplasma malondialdehyde (MDA), a
breakdown product of lipid peroxides.
Increased levels ofMDAhave been observed
in smokers (14) and in workers exposed to
heavy metals, e.g., lead (15). ROS produces
irreversible modifications in DNA, e.g., 8-
oxo-7,8-dihydro-2'-deoxyguanosine (8-
oxodG), a promutagenic lesion (16,14). An
increased level of 8-oxodG has been detect-
ed in urine from smokers (18), and adminis-
tration ofdiesel exhaust to mice resulted in
an increased level of8-hydroxydeoxyguano-
sine in lung DNA (19). ROS damage to
proteins is often complex and irreversible,
leading to amino acid oxidation, decarboxy-
lation, and deamination (20), but none of
these lesions have been linked causally to
human disease. Chemically induced stress in
experimental animals resulted in an
increased level of 2-amino-adipic semialde-
hyde (AAS) and y-glutamyl semialdehyde
(GGS), which are oxidation products of
lysine andargine/proline, respectively (21).
The objective ofthis study was to eval-
uate the burden with environmental toxi-
cants present in ambient air using various
biomarkers and to compare the predictive
values of these biomarkers. The selected
population consisted of nonsmoking bus
drivers and mail carriers-people assumed
to be exposed extensively to ambient air
pollution, mostly generated by incomplete
combustion offossil fuels.
Materials and Methods
Study subjects. The study group consisted
of nonsmoking bus drivers employed by
the Copenhagen bus company that oper-
ates in the metropolitan area, and non-
smoking mail carriers employed in the
metropolitan area. The study participants
volunteered to participate in the study after
written invitation. The group ofbus drivers
included a total of 107 healthy Caucasians
(81 men and 26 women), with a mean age
of 45 years (range 27-60). The drivers
were classified into two groups, i.e., city
center (high) and suburban and semirural
areas (low), by two independent investiga-
tors according to estimated exposure based
upon traffic densities and street configura-
tions. The group ofmail carriers included a
total of 102 persons (70 men and 32
women), with a mean age of 38 years
(range 20-60). The mail carriers covered
both city center and suburban areas and
walked or bicycled during duty hours. As
the mail carriers were spending less time
outdoors than the bus drivers, their expo-
sure could be classified as medium to low.
Based on operational street pollution mod-
els, it was estimated that the pollution in
the city center was significantly higher than
in the suburban/rural areas.
All participants filled in a questionnaire
concerning potential confounders that
might influence biomarker levels, e.g.,
exposure to tobacco smoke, eating habits,
residence, and activities involving exposure
to combustion products. The local ethics
committee, in accordance with the
Helsinki declaration, approved the study
and the participants signed an informed
consent form.
Samples from both groups were collect-
ed in the period August-November.
Samples from bus drivers were collected in
1994 and from mail carriers in 1995. Blood
samples (total 90 ml) were collected in nine
tubes and processed into plasma, serum,
erythrocytes, and lymphocytes. Heparinized
blood (60 ml) was used to isolate peripheral
mononuclear white blood cells (PMBC) by
the standard Lymphoprep (Nycomed-
DAK, Copenhagen, Denmark) procedure.
All samples were processed within 4 hr of
collection and distributed to the participat-
ing laboratories for analyses. Twenty-four-
hour urine samples were collected. The
processed blood samples were kept at -70°C
and urine samples at -20°C until analysis.
All samples were analyzed blinded.
Quantification ofBand Tlymphocytes.
Specific monoclonal antibodies toward B
lymphocytes (anti-Leu-12, CD19) and
toward T lymphocytes (anti-Leu-4, CD3)
were added to a cell sample of the PMBC
(Simultest CD3/CD19, Becton-Dickinson,
San Jose, CA). The monoclonal antibodies
are conjugated to different fluorochromes.
When the reacted cells are excited by a sin-
gle light source from a fluorescence micro-
scope, T cells displaygreen fluorescence and
B cells display orange-red fluorescence. A
minimum of200 cells was counted, and the
subpopulations were given as percentage of
the number ofcells counted in the sample.
32P-Postlabeling ofDNA adducts.
DNA was extracted from PMBC using a
DNA extraction kit (Nuclitips, Amersham,
Little Chalfont, Buck, UK). The 32P-post-
labeling procedure was performed as previ-
ously described (12) using the butanol
enrichment procedure. A benzo[a]pyrene-
diol-epoxide (BPDE)-DNA standard was
included in the analysis to correct for assay
variability. The reported bulky carcinogen
adduct level is the average of at least two
completely independent assays (less than
twofold variation was observed in 85% of
the analyzed samples). The results are given
as adducts/108 nucleotides.
PAH-albumin adduct. The level of
benzo[a]pyrene (BaP) bound to serum albu-
min was determined by a competitive
ELISA as previously described (8) using an
antibody (8E11) recognizing BaP tetrols.
The level ofadducts was estimated from the
standard inhibition curve and expressed as
femtomoles BaP equivalents per microgram
albumin. The same control serum sample
was induded on each plate in order to adjust
forinterplate andday-to-dayvariation.
Oxidizedproteins. AAS and GGS levels
in hemoglobin (Hb) and plasma were ana-
lyzed as described by Daneshvar et al. (21).
The protein carbonyl group was derivatized
with 6-aminofluorescein and hydrolyzed by
HCI (6 M, 110°C for 24 hr). The hydroly-
sate was separated by HPLC, and the AAS
and GGS products were quantitated by a
UV detector. The results are expressed as
picomoles per milligram hemoglobin and
milligrams plasmaprotein, respectively.
Determination ofMDA. Malondi-
aldehyde was determined in plasma by
HPLC as described by Nielsen et al. (14).
The method is based on the principle ofthe
thiobarbiturate assay. The results are
expressed as nanomoles permilliliterplasma.
Determination of8-oxodG. The uri-
nary level of 8-oxodG was determined by
HPLC, using electrochemical detection as
previously described (18). The results are
expressed as nanomoles per millimole crea-
tinine.
Determination of1-hydroxypyrene.
Reverse-phase HPLC was used for the
quantitative analysis of 1-HOP in urine
using a previously published method (22).
The results are expressed as micromoles per
millimole creatinine.
Mutagenic activity. The urine samples
were analyzed principally according to the
procedure of Yamasaki and Ames (23),
using the YG1021 Salmonella typhimurium
strain (24). The mutagenicity test used
preincubation with S9 (from Arachlor
1254-induced rats) as described by Kado et
al. (25). Each urine sample was tested on 2
separate days. On each ofthese days, dupli-
cates offour concentrations ofurine corre-
sponding to 0.30, 0.62, 1.25, and 2.5 ml
urine were tested.
The mutagenic activity was calculated
bya regression model as
Number ofColonies = K3 + K1
x Volume Urine/(1+14 x Volume Urine),
where Number of Colonies is the number
of colonies at a given concentration urine,
K, is the calculated initial slope of the
curve, K2 is a calculated factor describing
the saturation effect of the curve, and K
describes the calculated intercept of the
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curve. It was found that pooling the raw
data gave the least variation. The mutation
rate is estimated by the slope of the regres-
sion curves at 1 ml urine and is expressed
as revertants per micromole creatinine
Determination of GSTM1 genotype.
DNA was isolated from whole blood and
the genotype was determined as described
by Okkels et al. (26) using glutathione S-
transferase (GST) M4 as an internal posi-
tive control.
Statistical methods. The Wilcoxon
Rank Sum test was used to compare the
biomarker levels in the different groups of
exposed individuals. Pearson correlation
analysis was used to study the association
between the biomarker levels.
Results
A panel of biomarkers for oxidative stress
and genotoxic action was used to assess the
exposure in two occupational groups
assumed to be exposed to high levels of
ambient air pollution. The exposure was
assessed using markers for the internal dose:
1-HOP and mutagenicity in urine; biologi-
cally effective dose; protein and DNA
adducts; early biological effects; chromoso-
mal aberrations; and different markers of
oxidative stress. The levels ofdifferent bio-
markers in bus drivers working in the center
ofCopenhagen and in suburban and semi-
rural areas are shown in Table 1. A large
interindividual variation in the biomarker
levels could be seen. A significant higher
level of bulky carcinogen-DNA adducts
(12) was observed in the group dassified as
the high exposure group, whereas the levels
of PAH-albumin adduct and markers of
oxidative stress, MDA and AAS, in hemo-
globin were significantly higher in the sub-
urban/semirural group. The level of the
biomarkers in the postal worker group was
similar to the levels in the suburban/semi-
rural bus driver group (Table 1). Another
marker for oxidative stress, MDA, was sig-
nificantly higher in the bus driver group
combined than in the postal workers. A sta-
tistically significant correlation was
observed between the content of total
monocytes and the bulky carcinogen-DNA
adduct level (r = 0.1564; p = 0.040; 192
cases), whereas no significant correlation
was observed between adduct level and the
content ofB lymphocytes (r= -0.097394; p
= 0.20; 192 cases) or between T lympho-
cytes and the DNA adduct levels (r =
0.0268; p = 0.71; 192 cases).
Correlation between the various bio-
markers for genotoxic and oxidative damages
was analyzed by Pearson correlation analysis
in the combined group of nonsmoking bus
drivers and postal workers (Table 2) and in
subgroups of bus drivers divided according
Table 1. Biomarker levels in bus drivers and postal workers
Bus drivers
Biomarker Rural/suburban City center p-Valuea Postal workers p-Valueb
DNA adducts (12) 25.99 ± 40.57 (47) 75.42 ± 112.04(49) 0.012 30.88 ± 51.84(97) 0.0002
PAH-albumin 3.38 ± 1.35(44) 2.81 ± 1.41 (56) 0.016 4.01 ± 1.38 (101) 0.0001
MDA 0.96 ± 0.25(45) 0.87 ± 0.19 (55) 0.093c 0.71 ± 0.16 (101) 0.0001
AAS-Hb 59.77 ± 8.99(45) 52.81 ± 12.65 (56) 0.0009 56.59 ± 14.61 (101) 0.59
AAS-plasma 42.44 ± 13.86(44) 55.80 ± 24.11 (56) 0.0016 30.99 ± 5.29 (101) 0.0001
GGS-Hb 36.50 ± 5.54 (27) 35.70 ± 11.54(60) 0.23 49.24 ± 17.39 (90) 0.0001
8-oxodG 1.54 ± 0.96(20) 1.74 ± 0.87 (29) 0.41 2.25 ± 1.13(82) 0.86
1-HOP 0.25 ± 0.30 (27) 0.24 ± 0.16 (30) 0.36 0.15 ± 0.13(91) 0.87
Abbreviations: PAH, polycyclic aromatic hydrocarbon; MDA, malondialdehyde; AAS, 2-amino-apidic semialdehyde; Hb,
hemoglobin; GGS, y-glutamyl semialdehyde; 8-oxodG, 8-oxo-7,8-dihydro-2T-deoxyguanosine; 1-HOP, 1-hydroxypyrene.
Values shown are mean ± standard deviation (number ofcases).
aWilcoxon 2-sample test
bPoStal workers vs. combined bus drivers; Wilcoxon 2-sample test.
c'wo-tailed.
Table2. Correlation between biomarker levels in the combined bus driver and postal worker group
Biomarker DNA adduct PAH-albumin AAS-Hb AAS-plasma GGS-Hb MDA
PAH-albumin -0.1998a
p= 0.005
n=192
AAS-Hb -0.1341 0.0351
p=0.06 p=0.61
n= 193 n= 207
AAS-plasma 0.1290 -0.2179 -0.1117
p=0.07 p=0.001 p=0.10
n= 192 n=206 n=207
GGS-Hb -0.1350 0.2547 0.8427 -0.2168
p=0.11 p= 0.001 p= 0.0001 p=0.008
n=134 n=147 n=148 n=147
MDA -0.0470 0.0270 -0.008 -0.1252 -0.1946
p=0.51 p=0.69 p=0.90 p=0.07 p=0.01
n= 192 n=206 n= 207 n= 206 n= 148
8-oxodG -0.09751 0.2833 0.0556 -0.2942 0.1063 -0.0855
p= 0.32 p= 0.002 p= 0.55 p= 0.001 p= 0.19 p= 0.36
n=102 n=114 n=115 n=114 n=151 n=115
1-HOP 0.0883 -0.0582 -0.0338 0.1282 -0.1586 0.00211
p=0.31 p=0.48 p=0.68 p=0.12 p=0.03 p=0.97
n=134 n=147 n=148 n=147 n=186 n=148
Urine mutagen -0.1124 0.04493 -0.1105 0.1560 -0.1015 0.07084
p=0.12 p=0.52 p=0.11 p=0.03 p=0.17 p=0.39
n= 185 n= 199 n=200 n= 189 n= 183 n= 146
Abbreviations: PAH, polycyclic aromatic hydrocarbon; AAS, 2-amino-apidic semialdehyde; Hb, hemoglobin; GGS, y-glu-
tamyl semialdehyde; MDA, malondialdehyde; 8-oxodG, 8-oxo-7,8-dihydro-2T-deoxyguanosine; 1-HOP, 1-hydroxypyrene.
apearson correlation coefficient.
to exposure (Table 3). The effect ofGSTM1
genotypes on the correlation between select-
ed biomarkers was analyzed in the combined
group of bus drivers and postal workers
(Table 4). A negative correlation between
PAH-albumin and bulky carcinogen-DNA
adduct levels was observed in both the high
exposure group and in the combined group
of bus drivers. After subdividing the com-
bined group according to the GSTM1 geno-
type, the negative association between the
two biomarkers was only significant in the
GSTM1 null group. No other significant
correlation between DNA adduct levels and
markers for genotoxic exposure, i.e., muta-
genic activity in urine or 1-HOP, was
observed either in the combined group or in
the subgroups. However, in the postal work-
er group, a borderline significant correlation
between DNA adduct levels and 1-HOP was
observed (r= 0.17;p = 0.11; n =86).Ahigh-
ly significant correlation existed between the
two markers for oxidation ofproteins GGS-
Hb and AAS-Hb (r = 0.95; p = 0.0001). No
other association between biomarker levels in
postal workers was observed.
A negative association was observed
between carcinogen-DNA adduct level and
the level of AAS in Hb in the bus driver
groups, especially in the low exposure
group. In the combined bus driver group,
the correlation was statistically significant in
the GSTM1 null group. The bulky carcino-
gen-DNA adduct level did not correlate
with the other markers ofoxidative stress.
8-OxodG in urine is considered a
marker for genotoxic exposure, but no cor-
relation between the level of 8-oxodG and
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other markers fbr genotoxic damage could
be observed.
The activities of antioxidative enzymes
(glutathione peroxidase, glutathione reduc-
tase, and superoxide dismutase) were ana-
lyzed as part of the study, but the activity
ofthese enzymes did not influence the level
of biomarkers for genotoxic exposure (data
not shown).
Discussion
Several different biomarkers have been
used to assess human exposure to genotoxic
compounds present in ambient air. In this
study, selected biomarkers were applied to
assess exposure in a country with supposed-
ly low levels of ambient air pollution in
order to evaluate the validity ofthese mark-
ers as predictors ofexposure.
The level of ambient air pollutants is
routinely measured in Denmark, and a
recent study showed that the level of BaP
in a busy street of Copenhagen was 3.9
ng/m3 compared with 0.08-0.5 ng/m3 in
rural areas (27). The level in Copenhagen
is considerably lower than in some eastern
European countries, where levels of BaP
were more than 10-fold higher (11). In the
latter countries, stationary sources are the
major contributors, whereas vehicle exhaust
is the predominant source of genotoxic air
pollutants in Denmark.
Conventionally, exposure assessment
has been based on environmental monitor-
ing ofstandard air pollutants. The objective
of this study has been to obtain a better
estimate ofhuman exposure and to identify
groups with aberrant exposure, using bio-
markers. As representatives for people
spending a large proportion of their day in
the city center, nonsmoking bus drivers and
Table 3. Correlation of carcinogen-DNA adducts
and other biomarkers in the bus driver group
Exposure
Biomarkers Rural/suburban City center
DNA adducts vs. -0.1968a -0.3531
PAH-albumin p= 0.22 p= 0.01
n=40 n=49
DNA adducts vs. MDA -0.1201 -0.2638
p= 0.45 p= 0.07
n=41 n=48
DNA adducts vs. -0.3121 -0.1676
AAS-Hb p= 0.04 p= 0.24
n=41 n=49
DNA adducts vs. -0.1690 0.04658
8-oxodG p= 0.51 p= 0.83
n= 17 n= 23
DNA adducts vs. -0.0720 -0.2015
urine mutagen p= 0.74 p= 0.34
n=22 n=24
Abbreviations: PAH, polycyclic aromatic hydrocarbon;
MDA, malondialdehyde; AAS, 2-amino-apidic semialde-
hyde; Hb, hemoglobin; 8-oxodG, 8-oxo-7,8-dihydro-2 -
deoxyguanosine.
aPearson's correlation.
postal workers were selected. Bus drivers in
Copenhagen have an increased risk of
developing cancer in lung, bladder, and
liver (28), and it is assumed that exposure
to genotoxic compounds present in ambi-
ent air plays a role in the pathogenesis.
Transportation workers have an increased
exposure to carcinogenic PAHs, e.g., truck
drivers (29). Increased exposure to genotox-
ic compounds have been reported in bus
drivers in Copenhagen using the 32P-postla-
beling method to measure bulky carcino-
gen-DNA adducts (12). Drivers who spent
most of their working hours in central
Copenhagen had a higher adduct level than
suburban and semirural drivers. In contrast,
no difference in DNA adduct level could be
observed in street vendors in Milan, Italy,
working in areas ofhigh and low traffic den-
sity (30). However, the Italian study includ-
ed both smokers and nonsmokers, and
smoking is known to increase the adduct
level (31). In the present study an interest-
ing effect of the PMBC composition was
observed, as individuals with a high content
of B lymphocytes had a lower DNA adduct
level. This could potentially be a result of
different DNA repair capacity of the two
different subtypes of lymphocytes, as the B
lymphocytes have a higher rate of DNA
repair (32). The adduct level in long-lived T
lymphocytes correlated better with exposure
data based on environmental monitoring
than did short-lived granulocytes (33). As
the B/T-lymphocyte ratio may be influ-
enced by confounding factors and environ-
mental exposure, this could contribute to
the large interindividual variation in DNA
adduct levels reported in different studies.
The level of bulky carcinogen-DNA
adducts in lymphocytes is only a biomarker
Table 4. Comparison of biomarkers in the com-
bined group: effect ofthe GSTM1 genotype
Genotype
Biomarkers GSTM1 -/- GSTM1 +/+ and+/-
DNA adducts vs. -0.2144a -0.1920
PAH-albumin p 0.02 p= 0.07
n= 104 n= 88
DNA adducts vs. -0.0041 -0.09188
MDA p 0.96 p= 0.39
n 104 n=88
DNA adducts vs. -0.1138 -0.1793
AAS-Hb p= 0.24 p= 0.09
n=105 n=88
DNA adducts vs. -0.2289 -0.0008
urine mutagen p= 0.02 p= 0.99
n=99 n=86
8-oxodG vs. 0.1790 0.1578
AAS-Hb p= 0.09 p= 0.16
n=90 n=78
Abbreviations: PAH, polycyclic aromatic hydrocarbon;
MDA, malondialdehyde; AAS, 2-amino-apidic semialde-
hyde; Hb, hemoglobin; 8-oxodG, 8-oxo-7,8-dihydro-2 -
deoxyguanosine.
aPearson's correlation.
for exposure, not for risk, as no association
between the adduct level in these surrogate
cells and the target cells for the carcinogenic
action has been demonstrated.
The biologically active form of PAH,
including BaP, will react with other cellular
macromolecules. An increased level of PAH
albumin has previously been observed in
workers occupationally exposed to PAHs,
e.g., foundry workers (34), using a competi-
tive ELISA to detect BaP tetrols released by
acid hydrolysis. Bus drivers in the center of
Copenhagen had a significantly lower
PAH-albumin level than bus drivers in the
suburban/rural area. This observation is sim-
ilar to previous studies in which nonsmoking
young males living in rural areas had a higher
adduct level than young males living in the
city center, and young women living in the
country had a higher adduct level than
women living in suburban areas or the city
center (8,9). Because these samples were col-
lected during the winter period, it was
assumed that the higher PAH-albumin level
was due to the emission from local heating of
the houses using cereal straw or wood. There
is no obvious reason why the PAH-albumin
adduct levels should be higher inl
suburban/semirural groups in the present
study. Most of the carcinogenic PAHs asso-
ciated with particulate matter are produced
by diesel engines. The composition and the
amount ofdifferent PAHs bound to the par-
ticulate depends on driving conditions, fuel
type, and engine type (6). Benzo[a]pyrene,
detectable as BaP tetrols by the ELISA assay,
is not a major PAH in diesel exhaust, and
other PAHs not detectable by the ELISA
assay may be responsible for the bulky car-
cinogen-DNA adducts. In an Italian study,
BPDE-Hb adducts were used to monitoi
newspaper vendors exposure to traffic
exhaust. A nonsignificantly higher adduct
level was observed in street vendors working
in areas with high traffic density (35). In this
study, a significant negative correlation was
observed between the levels of DNA adduct
and BaP-albumin in both the combined
group and the city center bus driver group.
This observation is similar to an observation
in young males living in urban and rural
areas (S). In experimental systems the cova-
lent binding to serum proteins is, in most
cases, related to binding to DNA. However,
the relationship between protein and DNA
binding is usually different for each particu-
lar compound. The negative correlation
between the two parameters could be an
indication that the ratio of BaP to other
DNA adduct-forming PAHs will depend on
the source. An alternative explanation is that
highly modified albumin from highly
exposed bus drivers could easily be recog-
nized by proteases and degraded. In animal
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experiments, the half-life ofa serum protein
depended on the level ofmodification.
The active metabolite of BaP that reacts
with DNA and proteins to form covalently
bound adducts is detoxified by, for example,
GSTM1. Bus drivers with a deficiency in
GSTM1 activity due to a homozygous dele-
tion did not have a significantly higher DNA
adduct level (12). In this study, the negative
correlation between albumin and bulky car-
cinogen-DNA adduct level seen in the com-
bined group was only statistically significant
in the GSTM1 null group. This suggests that
the metabolism of compounds binding to
DNA and not detectable by the immunoas-
sayare influenced bythe GSTM1 phenotype.
1-Hydroxypyrene has frequently been
used to assess occupational exposure for
PAHs. In the combined group, no associa-
tion between the level of carcinogen-DNA
adduct and urinary 1-HOP could be estab-
lished. This lack ofassociation mayin part be
explained by the different kinetics ofthe two
parameters. Urinary 1-HOP represents the
exposure within the last 24 hr, whereas DNA
adducts represent the accumulated exposure
over a longer time period. In people eating
charbroiled beef, the urinary 1-HOP glu-
curonide concentration during and immedi-
atelyafter the feeding period was significantly
correlated with the mean PAH-DNA adduct
level during the same period (36). In smok-
ers, a statistically nonsignificant association
between 1-HOP glucuronide and a specific
adduct in urothelial cells was observed (37).
The source ofthe pyrene may be an impor-
tant factor. We have previously reported a
lack of association between DNA adducts
and urinary 1-HOP in garage workers
exposed to automobile exhaust (38), but the
adduct level correlated with urinary 1-HOP
in foundry workers (31). Similarly, as in our
observation for DNA adducts, we did not
observe any correlation between urinary 1-
HOP and the PAH-albumin adductlevel.
No significant correlation between the
level of carcinogen-DNA adducts and uri-
nary mutagenicity could be detected in the
present study. Urinary mutagenicity has fre-
quently been used to evaluate lifestyle and
occupational exposure to mutagens and
potential carcinogens. Urinary mutagenicity
is nonspecific buthas theadvantage ofdetect-
ing the mixture of mutagenic compounds
present in urban air, similar to the32P-postla-
beling method to detect DNA adducts. The
lack of association could be a result of the
kinetics of the two markers, as discussed for
1-HOP. However, a positive correlation
between urinary mutagenicity and a specific
adduct in urothelial cells has been reported in
workers exposed to benzidine (39).
Oxygen radicals are generated by envi-
ronmental agents and by endogenous
processes. These oxygen radicals cause
extensive damage to DNA, including 8-
oxodG in both leukocytes and potential tar-
get tissues such as lung (40). The damaged
DNA is repaired, and the repair product
can be detected in the urine. Smokers do
have a higher level of 8-oxodG in urine
than nonsmokers (18). Diesel exhaust parti-
cles, the main contributor of carcinogenic
compounds in ambient air, do induce
oxidative damage to DNA in experimental
animals. The 8-oxodG level did not corre-
late with other markers for damage to
DNA, e.g., chromosomal aberrations and
bulky carcinogen-DNA adducts, although
some ofthe compounds responsible for the
latter DNA damage are expected to produce
oxygen radicals during biotransformation
processes. The nature of formation of 8-
oxodG is more complex, involving a num-
ber of endogenous factors and modifying
factors in the diet. Nevertheless, a number
of occupational exposures, including ben-
zene, reportedly increase 8-oxodG (18,41).
MDA, a bifunctional carbonyl com-
pound, is a major product arising from the
metal-catalyzed peroxidative degradation of
the polyunsaturated fatty acid constituents
of biological membranes. Lipid peroxida-
tion can be induced by smoking (14) and
occurs endogenously during normal metab-
olism. MDA reacts with macromolecules,
including DNA, and it is assumed that this
adduct is the major mutagenic and carcino-
genic product oflipid peroxidation. In this
study, MDA was measured in plasma: the
level ofMDAwas slightly lower in the cen-
tral Copenhagen bus driver group and in
the postal worker group than in the subur-
ban/semirural bus driver group. An inverse
relationship between the DNA adduct lev-
els and MDAwas observed, suggesting that
the compounds responsible for the DNA
adducts are not the major factor in the
induction of lipid peroxidation, although
higher levels of MDA have been reported
in smokers compared to nonsmokers (14).
Much attention has been focused on
studying the introduction ofcarbonyl groups
into amino acid residues ofproteins for mon-
itoring the oxidative modification by ROS
(42). We have shown that among the oxida-
tion products in both bovine serum albumin
and bovine Hb, AAS was the most abundant
naturally occurring semialdehyde in these
proteins. Apart from in vitrooxidations, ithas
been reported that the oxidative stress
induced in rats by chemicals, e.g., acrolein,
resulted in the same product, confirming that
in vivo exposure ofplasma proteins to ROS
could be quantified by measurement of oxi-
dized lysine (21). In this study, the highest
level ofAAS in plasma proteins was observed
in bus drivers working in the central part of
Copenhagen. More over, astatistically signifi-
cant difference in the level ofHb AAS levels
was also observed between the two exposure
groups, butwith the highest levels in the rural
andsuburban areas.
Different biomarkers for genotoxic expo-
sure and oxidative stress have been used in
this study to evaluate the bus drivers' expo-
sure to ambient air pollution. Only the car-
cinogen-DNA adducts and a potential bio-
logical consequence of adducts, chromoso-
mal aberrations, showed a statistically signifi-
cant difference between the two groups of
drivers. This information shows that not all
bus drivers are exposed to the same level of
genotoxic compounds, and that information
about working area, routes, and pollution are
important when designing an epidemiologi-
cal study to assess risk. Information about
exposure cannot be obtained by environ-
mental monitoring alone. Geographic infor-
mation, traffic density, and other parameters
should be used in model calculations, as in
the Operational Street Pollution Model (43).
It is important in fuiture research to link this
model with selected relevant biomarkers.
Care has to be taken when selecting the
markers, as some of the markers only repre-
sent exposure within averyshort time frame,
and repeated sampling would be required to
obtain an estimate of an accumulated dose.
The lack of correlation or, in some cases,
negative correlation could indicate that addi-
tional biological effects not related to the
compounds responsible for the formation of
DNA adducts are caused by some com-
pounds present in ambient air, e.g., indoor
air pollutants. Moreover, the chosen bio-
markers represent exposure to or effects of
different components on target molecules in
different organs and/or compartments, i.e.,
lymphocytes DNA or chromosomes, blood
proteins, and lipids, as well as estimates of
whole-body exposure to pyrene, mutagenic
substances, and oxidative damage to DNA.
Furthermore, the synergistic or agonistic
effects ofthe complex mixture oftoxic com-
pounds present in ambient air on the rele-
vant biomarkers should be investigated in
model systems in order to support and plan
complex human biomonitoring studies.
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